ABSTRACT High temperature vulcanized silicone rubber (HTV SIR) is important insulation for high voltage direct current (HVDC) cable accessories. The pulse voltage in the HVDC system may initiate an electrical tree in SIR insulation. During the operation, there is a temperature gradient in SIR caused by the different temperatures of conductor and external environment. So it is necessary to research the electrical tree initiated by pulse voltage under the temperature gradient. In this paper, electrical trees in SIR with different temperature gradients were recorded. The inception voltage, tree length, and accumulated damage (AD) distribution were analyzed. The experiment results indicate that tree inception voltage decreases with the increase of temperature of the ground electrode when the needle temperature is 90 • C, it also decreases with the increase of needle temperature when the ground temperature is 90 • C. All the trees are in bush structure when the ground temperature is 90 • C, the structure changes from branch to bush with the increase of ground temperature when the needle temperature is 90 • C. When the needle temperature is 90 • C, AD distribution changes obviously with the increase of ground temperature. The conductivity of SIR under different temperatures and electric fields was tested. The effect of changing conductivity on tree inception was discussed. Surface potential decay (SPD) at different temperatures was tested. The trap characteristics and charge kinetic properties influenced by temperature may be the main reasons for the change of tree structures in the growth process.
I. INTRODUCTION
High voltage direct current (HVDC) cable has been widely researched and operated [1] , [2] . In the operation of HVDC cable, the insulation in cable accessories has been proven to be the weakest point [3] - [6] . Composite multilayer insulation is usually employed in the cable accessories [2] , [7] - [10] . Space charge and different conductivity of insulations make the distortion of electric field inside cable accessories more severe [11] - [15] , easily leading to the insulation degradation.
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Electrical tree is an electrical degradation can be caused by the distorted electric field [16] - [19] . Different from AC electrical tree, DC electrical tree is difficult to be initiated because of the shielding effect of homo space charges under stable DC voltage [20] - [22] . However, there are impulse voltage in DC system, coming from the overhead line, convertor station and operation [23] - [26] . According to the previous research, the pulse voltage can reduce the tree inception voltage and play an important role in the growth of tree in HVDC cable [27] , [28] .
In cable accessories, high temperature vulcanized silicone rubber (HTV SIR) is usually used as main insulation in the stress cone [8] . Its operation temperature varies from −55 to 180 • C. While in the operating condition, the highest temperature occurs near to the conductor and decreases from conductor to outer semi-conductive layer, producing a temperature gradient in the radial direction [29] , [30] .
Temperature is an important factor influencing the dielectric properties of SIR, especially the conductivity [31] , [32] . Temperature gradient will change the electric field distribution under DC and pulse voltage [29] , [33] , [34] . It was also found that temperature will affect tree structure and its growth characteristics [35] - [37] . However, most of the papers about temperature research the isothermal treeing process. This is different from the real operating condition. It can be speculated that tree would be influenced by the varying temperature in the growth process. Besides, the temperature also changes the mobility of charge carriers. This varying dynamic characteristics may also change the treeing characteristics.
In this paper, electrical trees in HTV SIR samples were investigated under different temperature gradients. The conductivity and surface potential decay (SPD) at different temperatures were tested. Trees under repetitive pulse voltage with different temperature gradients have been initiated. The relationship between tree inception and conductivity was discussed. The treeing process has been recorded and the effects of conductivity and trap distribution on treeing process were discussed. It has been found that with different temperature gradients, tree structure is dependent on the charge accumulation influenced by the varying charge kinetic properties and trap characteristics.
II. EXPERIMENTAL SETUP A. SAMPLE PREPARATION
HTV SIR (Huayue, HTV 110-2) samples were employed in this experiment. In the preparation process, needle electrodes were inserted into samples before vulcanization. The curvature radius of needle tip was 3 µm. The vulcanization was performed at 175 • C for 10 min under a pressure of 6 MPa. After this, the sample was kept in a thermal tank with 165 • C and 0.1 MPa for 24 h to get a second vulcanization. The HTV SIR sample was cut into small samples for the test, the distance between needle tip and the edge of sample was set to be 2 mm. The dimension of sample was 30 mm × 20 mm with the thickness of 3 mm.
B. EXPERIMENTAL SETUP
The experimental setup was shown in Fig.1 . SIR sample was placed on the ground electrode, which was made of a copper plate with the thickness of 1 mm. During the experiment, four heating tapes were employed. Two tapes were attached on the ground electrode. The other two tapes were attached on the both sides of sample, 1 mm beyond the needle tip. Four temperature sensors were attached on the heating tapes for the temperature control. With the heating tapes, different temperature gradients were produced. The high pulse voltage was generated by a transformer which was fed by a low pulse voltage generator. The repetitive frequency of pulse voltage was 200 Hz, the rise and fall time of pulse voltage were 100 and 120 µs, as shown in Fig.2 . An HV probe (Tektronix, P6015) and oscilloscope (Tektronix, TBS1000) were used for observing the pulse voltage.
In the tree inception voltage test, the voltage was increased at a rate of 0.2 kV/min until a tree longer than 20 µm was observed. For the treeing growth test, a repetitive pulse voltage with the amplitude of −15 kV was applied onto the needle electrode during the treeing process.
The temperature gradients are shown in TABLE 1, defined to be G90N20 to N90G50. In this work, ''needle temperature'' is used for the temperature of heating tapes near the needle tip, ''ground temperature'' is used for the temperature of heating tapes on ground electrode. The details of temperature gradient in SIR were simulated by COMSOL Multiphysics. A 3-D model with the same size of SIR sample was employed in the simulation. The parameters used in simulation is shown in TABLE 2. The temperature in line NG from needle to ground electrode is shown in Fig.3 . Before applying the pulse voltage, the temperatures of needle and ground electrodes were kept for 10 min to get the stable gradient.
A digital microscope was employed to record the tree structure at different treeing time. 10 samples were tested under each experimental condition.
C. SPD MEASUREMENT
To calculate the trap distribution in SIR, SPD measurement was employed [38] , [39] . As shown in Fig.4 , the sample was put on a thermostatic heating plate to control the temperature. Before the test, the surface of sample was charged by negative DC corona. The needle and grid electrodes were employed to control the initial surface potential. The interval between needle electrode and sample surface was 8 mm, while the grid electrode was placed 5 mm above the surface. The voltage applied on the needle electrode was DC of −5 kV. After the charging process of 15 min, the sample was moved to the probe of electrostatic voltmeter (Trek 347-3HCE). The probe was positioned 3 mm above the center of sample surface. The decay of surface potential was recorded by this electrostatic voltmeter. The temperature of sample was kept to be 20 to 90 • C, the relative humidity was controlled to be 25%.
D. CONDUCTIVITY MEASUREMENT
DC conductivity was tested on a typical three-electrodes system, as shown in Fig.5 . The sample and electrodes were put into a thermal oven during the test. The sample for DC conductivity test was in the radius of 1.25 cm and thickness of 300 µm. In this test, the electric field applied onto the sample varied from 1.6 × 10 6 to 2.7 × 10 7 V/m and temperature changed from 20 to 90 • C. The model of ampere meter for the current test was Keithley 6517b. The relative humidity was set to be 25%.
The conductivity was calculated as follows:
where I is the current in A, U is the applied voltage in V, l is the thickness of sample in m, r is the radius of sample in m.
To calculate the precise conductivity, the time of current test was set to be 3 h and the stable current value was picked.
E. ACCUMULATED DAMAGE DISTRIBUTION
With the growth of tree, the width and length change with treeing time. In the research on electrical tree, the accumulated damage (AD) is usually employed to analyze the destroyed area caused by tree, which is usually calculated by summing the pixel number in tree area [40] . However, AD is not precise to distinguish the change of damage in different tree area. To solve this problem, the pixels in different distance from needle tip is calculated in this paper, defined as AD distribution. The calculation procedures are shown in Fig.6 . Fig.6 (a) shows the picture of tree at N90G50. To calculate the AD distribution, a picture of 400 × 400 pixels was picked out. The tree area was restructured to be black and white, as shown in Fig. 6 
III. EXPERIMENT RESULTS

A. EFFECT OF TEMPERATURE GRADIENT ON TREE INCEPTION VOLTAGE
Under each temperature gradient, tree inception voltages of 10 samples were tested. The results are shown in 
B. EFFECT OF TEMPERATURE GRADIENT ON TREE STRUCTURE
Under different temperature gradients, different tree structures have been found. As shown in Fig.8 (a) to (d), when the ground temperature is fixed to be 90 • C, the tree structure changes from sparse bush tree to dense bush tree with the needle temperature increasing from 20 to 50 • C. The outlines of these trees change from arc to triangle, which is shown with red line in Fig.8 (a) to (d).
As shown in Fig.8 (e) to (h), when the needle temperature is set to be 90 • C, the main tree structure at N90G20 is branch tree and it changes to be bush-branch tree when the ground temperature is 30 and 40 • C; when the ground temperature is 50 • C, the tree structure is typical dense bush tree.
C. EFFECT OF TEMPERATURE GRADIENT ON TREE LENGTH
Tree length is defined as the distance from needle tip to the longest branch tip. After the treeing time of 120 min, the tree length was measured and shown in Fig.9 . Tree length with needle temperature of 90 • C is shown in Fig.9(a) . With the increase of ground temperature, tree length decreases from 1.1 mm to 0.42 mm, with the tree structure changing from branch tree to bush tree as shown in Fig.8 . Fig.9 (b) shows the tree length with different needle temperatures when the ground temperature is 90 • C. It can be found all the trees are in similar length under different gradients, whose value is around 1 mm.
D. EFFECT OF TEMPERATURE GRADIENT ON AD DISTRIBUTION
AD distribution of tree under each temperature gradient with the needle temperature of 90 • C is shown in Fig.10 . The blue area is corresponding to the AD at different distance to needle tip in tree area, which is calculated with the method shown in Fig.6 . In Fig.10(a) , pixel number at each distance is lower than 100, which means that the damage area of branch tree is low in the whole tree area. However, branch tree is a much bigger threat than bush tree to the cable insulation, because it often has a faster growth rate than bush tree. When it VOLUME 7, 2019 bridges the insulation between the conductor and ground, a breakdown may occur. In Fig.10(b) and (c), pixel number close to needle tip is much higher than branch tree, which is higher than 150. It indicates the appearance of bush area near needle tip. With the increase of distance, pixel number decreases to be lower than 100, which is consistent with the appearance of branch area from the border of bush area. The AD distribution is simpler in Fig.10(d) , which is caused by the uniform bush structure. There is a fast increase rate of AD distribution near the needle tip and it decreases sharply on the end of bush area. Fig.11 shows the AD distribution with the ground temperature of 90 • C. In Fig.11(a) and (b) , the increase rate of AD distribution is much slower than that in Fig.11 (c) and (d) . This is caused by the low channel density in these trees. With the increase of channel density, shapes of AD distribution in Fig.11 (c) and (d) are similar to each other. AD increases rapidly to a maximum value of 250-300 pixels. It can be found that the position of maximum AD changes from 0.5 to 0.2 mm with the increase of needle temperature, which indicates that the biggest damage area gets nearer to the needle tip. This is consistent with the change of bush tree outlines shown in Fig.8 . 
IV. DISCUSSION A. CONDUCTIVITY OF SIR UNDER DIFFERENT TEMPERATURE AND ELECTRIC FIELD
The effects of temperature and electric field on conductivity have been reviewed by Boggs et al. [41] . It shows that conductivity in polymer insulation is dependent on both temperature and electric field.
According to the hopping model of conduction in polymers, the conductivity of SIR can be defined as this formula
where σ (E,T) is conductivity of SIR; A and B are constant values; q is the elementary charge, 1.6 × 10 −19 C; T is temperature in K; E is the electric field in V/m; ϕ is thermal activation energy in eV, which can be roughly calculated from the conductivity at different temperature according to the formula
where N is constant.
The tested conductivity at different temperature with electric field of 6.67 × 10 6 V/m is employed to calculate the activation energy. According to (3), the ln(σ T ) is linear to 1/T , the slope of fitting line in Fig.12 is −4.08, which is −ϕ/k B . The activation energy for SIR is 0.35 eV.
According to [41] , the fitting process for (2) is as follows. The current density at 303.15 K was tested and shown in ∼2.67 × 10 7 V/m. The curve of electric field and current density was fit to
where C and D are constants.
The current density at temperature from 303.15 to 363.15 K was tested and shown in Fig.14 , with the electric field of 6.67 × 10 6 V/m. The curve of temperature and current density was fit to
where F is constant. Then the current density can be written in
where A = 5.5656, B = 1.05 × 10 −7 . According to
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The equation for conductivity of SIR employed in this work can be written in
B. TREE INCEPTION UNDER TEMPERATURE GRADIENT
As discussed in our previous research [28] , tree inception under pulse voltage is different from that under AC.
Without considering the shielding effect of homo space charges, the maximum electric field can be calculated by Mason equation:
where U is the amplitude of applied voltage in V, r is the curve radius in m, d is the distance between needle tip and ground electrode in m. After the application of repetitive pulse voltage, space charges will be injected into SIR following the SchottkyRichardson injection [42] . With the shielding effect of injected space charges, electric field near the needle tip will be decreased to be much lower in about 20-50 µm [22] , [43] - [46] , [48] . We can roughly assume the area within 50 µm from needle tip to be the space charge region. When the needle temperature is 90 • C, the temperature of area near the needle tip is around 80 • C as shown in Fig.3 . With the ground temperature changing from 20 to 50 • C, the temperature at 50 µm varies from 66.55 to 76.00 • C. This will increase the conductivity of SIR near the needle tip. While with the increase of pulse voltage, electric field caused by the pulse voltage will keep increasing. According to (8) , the conductivity around needle tip will be higher with the pulse voltage [49] . During the interval of two pulses, the change of electric field is similar to the situation in inception of grounded DC tree. At this time, the transformer coil is still connected to the needle electrode through a resistor. Without the input of low pulse voltage, there is no high voltage in this coil, as shown in Fig. 1 . Because the space charges were injected into SIR by the previous pulses, there will be an electric field near the needle tip produced by these space charges. If this field strength is higher than the material dielectric strength, a partial breakdown will occur and a tree channel will be generated. Meanwhile, some space charges will escape from the traps and migrate towards the needle tip, weakening this local electric field caused by these injected space charges [40] , [50] . This migration will stop after the electric field decreases to a fixed value, as discussed in [28] . When the next pulse is applied, new charges will be injected into SIR and the migration of charges will be repeated. In this process, the molecular chains of SIR may be broken by the partial breakdown or collision with hot electrons, leaving a crack with gaseous product near the tip. Besides, the current in this area will produce Joule heat and enlarge the crack near needle tip. These may be the dominant reason for tree inception under repetitive pulse voltage. With the higher temperature of area near needle tip, the higher conductivity of SIR in this area will contribute to the charge injection and migration. The result in Fig.7(a) shows that the mean value of tree inception voltage is decreased slightly with the increase of ground temperature. This change is maybe caused by the different conductivity and charge migration process.
It can be found that under temperature gradients from G90N20 to G90N50, the temperature on border of space charge region increases from 42.03 to 61.98 • C. It indicates that the conductivity here increases and Joule heat produced by migration of space charge will be much higher with the increasing needle temperature. Besides, the molecular kinetic energy of SIR is increased by higher temperature. With this intense molecular thermal motion, the chemical bond in molecular will be easier to be broken by the collision with space charge. This will lead to the lower tree inception voltage with higher needle temperature.
C. TREE GROWTH UNDER TEMPERATURE GRADIENT
After the initiation of tree, there will be a fast growth stage lasting for several minutes, then different tree structures will be formed in the treeing process. With the growth of tree, the electric field and temperature around the channel tube will be changed because of the temperature gradients.
During the growth of tree, partial discharge inside the tube is one of the main accelerating factors [27] , [51] . The partial discharge in tree channels can be caused by accumulation of space charge in the tube. As is known, the trap distribution and charge kinetic energy are important factors in this accumulation process. They will influence the charge migration through SIR bulk [52] . With temperature gradient, trap characteristics and migration of space charges will be different and influence the tree growth.
To analyze these factors, SPD test was carried out. The normalized SPD results of 30 to 90 • C shown in Fig.15 manifest that the surface potential decays faster with the increase of temperature. The SPD test at 20, 40, 60 and 80 • C are also in the same tendency. It indicates that the charges escape faster through SIR bulk to the ground with the increase of temperature.
The SPD equation is developed from the isothermal time-dependent current theory proposed by Simmon and Tams [53] . The trap distribution is calculated based on the detrapping process, which is relative to the carriers escaping from traps. According to this theory, these trap energy and density can be calculated by the two equations
where E T is the trap energy in eV, k B is the Boltzmann's constant, T is the temperature in K, v ATE is the attempt to escape frequency in s −1 , N T is the trap density in eV −1 m −3 , ε 0 and ε r are the permittivity of vacuum and the relative permittivity of SIR, q is the elementary charge in C, L is the sample thickness in m, U s is the surface potential in V, t is the decay time in s. The calculation results are shown in Fig.16 . It should be noted that v ATE Can be expressed by the equation
where h is the Planck constant in J·s. It indicates that the attempt to escape frequency increases with temperature linearly. With the higher temperature, the charges will get a higher kinetic energy because of the thermal motion. In this motion, the charges will get more chances to escape from the deep traps.
With the increase of temperature, there is a higher energy level of the traps where the charges escape from, the peak value increases from 0.93 to 1.09 eV. It means more and more charges escape from the traps with higher energy level [31] , [54] - [56] .
In the growth of electrical tree, the tip of tree channel will get closer to the ground electrode. With the needle temperature of 90 • C, temperature in the same distance from needle tip will be lower with the decrease of ground temperature. With the lower temperature, more charges will be captured by deep traps around the tree channels, producing a higher local electric field. A partial discharge with higher intensity may be caused by this electric field and a long branch channel may be generated. With lower temperature, this long branch channel will grow towards ground in a branch structure. Even in the growth of bush tree, a branch area will also be generated with the decrease of temperature. As shown in Fig.8(f) and (g), there is a branch area generated from the border of bush area. It is because v ATE decreases and more space charges are captured on the border of bush area with the lapse of time.
As shown in Fig.8 (a) to (d), sparse bush tree changes to be dense bush from 20 to 50 • C when the ground temperature is 90 • C. This is also caused by the change of charge mobility. When the needle temperature is 20 and 30 • C, more space charges are trapped around the existing main branches and form a higher electric field. The discharge caused by this electric field will generate long channels from the main branches. With the treeing time of 120 min, a tree with sparse long channels will be formed. With the needle temperature of 40 and 50 • C, more charges escape from the traps because of the higher kinetic energies. The electric field produced by the trapped space charges is lower, leading to a partial discharge with lower intensity. A lot of short tiny branches are produced, forming the dense bush area. With the growth of tree length, the temperature of tree tip is higher and more charges will escape from traps. Besides, the electric field will become homogeneous because of the uniform border of tree area. There will be less partial discharge to accelerate the tree growth. As a result, All the bush trees are limited to be about 1 mm long within 120 min.
V. CONCLUSION
Experiments were carried out to research the effect of temperature gradient on treeing in HTV SIR under repetitive pulse voltage. The tree inception and growth were recorded. The effects of changing temperature and electric field on the VOLUME 7, 2019 treeing process were discussed. The main conclusions are as follows.
1) All the trees are bush structure with different channel densities when the ground temperature is 90 • C and all the length is about 1 mm. When the needle temperature is 90 • C, tree structure changes from branch to bush with the increase of ground temperature and tree length decreases from 1.1 to 0.4 mm.
2) The AD distribution can describe the change of damage area at different tree length precisely. With the needle temperature of 90 • C, AD distribution changes obviously with changing ground temperature, which is caused by the different tree structure. When the ground temperature is 90 • C, the peak value of AD distribution shifts towards the needle tip with the increasing needle temperature, which is consistent with the tree outline.
3) During the inception process, the changing conductivity influenced by temperature and electric field is the main reason for the different tree inception voltages. While in the growth process, trap characteristics and charge mobility influenced by temperature gradient may be the main reasons for the change of tree structures. 
